Pancreatic islet encapsulation within semi-permeable materials has been proposed for transplantation therapy of Type I diabetes mellitus. Polymer hydrogel networks used for this purpose have been shown to provide protection from islet destruction by immunoreactive cells and antibodies. However, one of the fundamental deficiencies with current encapsulation methods is that the permselective barriers cannot protect islets from cytotoxic molecules of low molecular weight that are diffusible into the capsule material, which subsequently results in β-cell destruction. Use of materials that can locally inhibit the interaction between the permeable small cytotoxic factors and islet cells may prolong the viability and function of encapsulated islet grafts. Here we report the design of antiinflammatory hydrogels supporting islet cell survival in the presence of diffusible pro-inflammatory cytokines. We demonstrated that a poly(ethylene glycol)-containing hydrogel network, formed by native chemical ligation and presenting an inhibitory peptide for islet cell surface IL-1 receptor, was able to maintain the viability of encapsulated islet cells in the presence of a combination of cytokines including IL-1β, TNF-α, and INF-γ. In stark contrast, cells encapsulated in unmodified hydrogels were mostly destroyed by cytokines which diffused into the capsules. At the same time, these peptidemodified hydrogels were able to efficiently protect encapsulated cells against β-cell specific Tlymphocytes and maintain glucose-stimulated insulin release by islet cells. With further development, the approach of encapsulating cells and tissues within hydrogels presenting antiinflammatory agents may represent a new strategy to improve cell and tissue graft function in transplantation and tissue engineering applications.
Introduction
Encapsulation of pancreatic islets in semi-permeable devices has been an attractive approach for islet transplantation to restore glycemic control in type I diabetic patients. [1, 2] Surrounding islet tissue with a barrier of immunoisolating materials can offer protection from host immunorejection, which permits allo-or xeno-transplantation in the absence of immunosuppressive medication. This approach also allows islet tissue to be modulated prior to implantation to improve graft acceptance and thereby improve the efficiency of islet transplantation for diabetic patients as well as help to resolve the shortage of organ sources [3, 4] .
A variety of natural and synthetic polymers have been applied to islet encapsulation [5] [6] [7] [8] and achievement of normal glycemia has been reported in rodent and canine models [9] and occasionally in humans [10, 11] . However, poor graft survival has been a major limitation of islet encapsulation for use in clinical implantation. Graft failure is usually attributed to several factors, including inadequate biocompatibility of the encapsulating materials, hypoxia within transplanted islets and incomplete immunoprotection [12] [13] [14] . For example, many studies have shown that the purity and composition of alginate, a widely-used natural polymer for islet encapsulation, substantially affect the survival of trapped islets [15] [16] [17] . Hypoxia is a problem due to the lack of vasculaturization within/around the islet transplant which limits the supply of oxygen to encapsulated cells [18, 19] . Revascularization is inhibited by the inability of vessels to penetrate the encapsulating materials. Furthermore, materials with poor biocompatibility tend to initiate nonspecific adsorption of protein and cells (fibroblast overgrowth) on the capsules, which further decreases oxygen diffusion into the encapsulated islets [20, 21] . Therefore, compared to natural materials that do not resist protein/cell adsorption, non-immunogenic and fouling-resistant synthetic biomaterials may be better candidates for cell encapsulation because of the easy control over their chemical purity and properties [8, 22] . Another limitation of currently used islet encapsulation approaches is incomplete immunoprotection from small molecules like cytokines and radicals [23] [24] [25] . Capsule permeability desired for islet encapsulation should block the entry of large cells and antibodies (MW ≥ 75 KD) of the immune system but still allow free transit of nutrients and metabolic wastes for maintaining cellular function [26] . More importantly, insulin secreted from cells must be able to freely diffuse out of the capsules in order to play its role in glycemic control [27, 28] . However, permeabilities that accommodate insulin diffusion out of the capsule will permit pro-inflammatory cytokines and other effector molecules of low molecular weight, such as IL-1β (17.5 KD) and TNF-α (51 KD), to enter the capsules and exert deleterious effects on β-cell function and islet vitality [12, 29, 30] .
Encapsulation of islets within hydrogels bearing cytokine-suppressive molecules can provide protection to islets by both excluding immunocytes and mitigating the effects of permeable low molecular weight inflammatory factors. In this work, we demonstrate encapsulation of islet cells in an anti-inflammatory hydrogel network. The hydrogel networks are crosslinked in situ through native chemical ligation (NCL) upon mixing cysteine-terminated and thioesterterminated 4-armed poly(ethylene glycol) (PEG) under physiological conditions [31, 32] . This hydrogel efficiently isolated encapsulated insulin secreting cells from immunocytes and allowed straightforward attachment of bioactive molecules to modify the microenvironment so as to improve cell survival and function. In particular, presence of a cytokine-inhibitory peptide on the hydrogel exerted a protective effect on cells from damage induced by proinflammatory cytokines that were able to permeate the capsules, providing a new strategy to combat the incomplete immunoprotection of conventional islet encapsulation materials. This approach of using hydrogels with anti-inflammatory properties should be widely applicable in many other tissue engineering/ transplantation practices.
Experimental Materials
4-Armed PEG amine (MW 10 KD) was purchased from Sunbio (South Korea). Rink amide resin, PyBop and Fmoc protected amino acids were purchased from Novabiochem (Gibbstown, NJ) and Anaspec (San Diego, CA). 2-Ethylpropriate thiol was purchased from TCI (Canada) and maleimide-OSU active ester from TRC (Canada). Dichloromethane (DCM), N′, Ndimethylformamide (DMF), acetonitrile (ACN), diethyl ether, N-methylmorphiline (NMM), methanol, piperidine, 2-mercaptoethanol (MCE), trifluoroacetic acid (TFA), triisopropylsilane (TIS) and α-cyano-4-hydroxycinnamic acid (CHCA) matrix were purchased from SigmaAldrich (Milwaukee, WI). Calcein-AM, and ethidium homodimer-1 were purchased from Molecular Probes (Eugene, OR). Dulbecco's modified Eagle's medium, fetal bovine serum, penicillin/streptomycin, trypsin-EDTA were obtained from American Type Culture Collection (Manassas, VA). Recombinant mouse IL-1β, TNF-α and INF-γ were purchased from R&D Systems (Minneapolis, MN). Transgenic T-lymphocyte cell line was provided as a gift from Dr. Xunrong Luo's lab in the Division of Nephrology / Hypertension at Northwestern University.
Synthesis of 4-armed PEG conjugated with cysteine and thioester groups
Cysteine-terminated and thioester-terminated 4-armed PEG macromers were synthesized using previously reported procedures [32] . Briefly, Boc-Cys(Trt)-OH (150 µmol), PyBop (150 µmol) and 20 µL NMM were dissolved in 5 mL DCM. The mixture was stirred for 10 minutes at room temperature and 4-armed PEG amine (30 µmol) was added. The final reaction mixture was stirred for 10 hours at room temperature. Solvents were removed on a rotavap and minimal methanol was added to dissolve the oily residue. The methanol solution was kept at −20 °C for 8 hrs and white precipitates were collected by centrifugation at −10 °C. The crude intermediate was dissolved in 5 mL TFA-ITS-H 2 O (95:2.5:2.5) and stirred for 3 hours at RT to carry out the deprotection of thiol and amine groups of cysteine conjugated to PEG macromers. The solvent was removed and crude cysteine-terminated 4-armed PEG (4A-PEGCys) was purified by preparative reversed phase high performance liquid chromatography (RP-HPLC). Similarly, to make thioester terminated 4-armed PEG (4A-PEG-ThE), equal equivalents of ethyl 3-mercaptopropionate-succinic acid [32] , PyBop and NMM were dissolved in DCM prior to addition of 0.2 equivalents of 4-armed PEG amine. The reaction mixture was stirred for 12 hours, and the solvent was removed on a rotavap to give a paleyellow oily residue. A minimal amount of methanol was added to dissolve the residue. The solution was kept at −20 °C for 2 hours and white precipitates were collected by centrifugation at −10 °C. The crude 4A-PEG-ThE was purified by preparative RP-HPLC.
Synthesis of peptides for functionalizing hydrogels
Maleimide-terminated peptides MA-GRGDSPG-NH 2 and MA-OEG 2 -FEWTPGWYQPY-NH 2 were synthesized using standard solid phase peptide synthesis protocols on Rink amide resin (0.69 meq/g) at 0.1 mmol scale. Each coupling step was carried out by mixing 3 equivalents of Fmoc protected amino acids, PyBop and NMM with the resin beads in the synthesis vessels with a rocking motion for 4 hours. Upon completion of coupling indicated by a ninhydrin test, the resin beads were washed thoroughly with DMF and then 20% piperidine in DMF was used to deprotect the Fmoc group to expose the amine groups on the beads for the next coupling. After the last amino acid was conjugated and its amine group was exposed, maleimide-OSU ester (2 eqv.) in DMF was used to attach the maleimide moieties to the Nterminal of resin-bound peptides. Cleavage of the maleimide-terminated peptides from the resin and deprotection of the amino acid side chains were accomplished by treating the resin with 95% (v/v) TFA, 2.5% H 2 O and 2.5% TIS for 2 hours at room temperature, after which the cleaved peptide solution was collected by filtration. Solvent was removed using a rotary evaporator, and the product residues were dissolved in a minimal amount of TFA. Upon addition of cold ether to the solution, solid precipitates were obtained and isolated by centrifugation at 4°C. The product pellets were dissolved in deionized water, frozen and lyophilized. Crude products were purified by preparative RP-HPLC and the molecular weight of each peptide was confirmed by MALDI-TOF MS.
MIN6 cell encapsulation in hydrogels formed by native chemical ligation
Mouse insulinoma (MIN6) cells were cultured in the DMEM containing 15% FBS, 100 IU/ ml penicillin, 100 µg/ml strepmycin and 50 µM MCE at 37°C under 5% CO 2 . Cells between passage number 25 and 28 were used for all studies. Prior to cell encapsulation, cells were detached from tissue culture plates with a 0. 25% trypsin-EDTA solution and resuspended in DMEM at a cell density of 4 × 10 5 / mL. 20 µL of a solution of 4A-PEG-Cys in DMEM (pH 7.4, w/v 10%,) was added to a mini-dialysis tube (Pierce, Rockford, IL) and immersed in 1mL DMEM. 40 µl of the cell suspension was then added to the tube followed by addition of 20 µL 4A-PEG-ThE in DMEM (pH 7, w/v 10%). To form hydrogels presenting functional peptides, maleimide-terminated peptides were added to the solution of 4A-PEG-Cys at a molar ratio of 1:25 (MA-peptide: PEG-Cys) prior to mixing with cells and 4A-PEG-ThE. The mixture was incubated at 37°C for 30 minutes to yield cell-embedded hydrogel disks (8mm O.D. × 1mm thick). The hydrogel disks were rinsed 3 times by incubating the gels in fresh DMEM for 5 minutes each time and then cultured in cell growth medium at 37°C under 5% CO 2 . Culture media were changed every 2 days.
Immunoisolation of encapsulated MIN6 cells from T-lymphocytes
The immunoisolating property of the hydrogel formed by native chemical ligation was tested by measuring cell viability upon co-culture with cytotoxic T-lymphocytes specific for islet β-cells. Transgenic T-lymphocytes were cultured and activated following previously reported protocols [33] . The T-cells were harvested by centrifugation to remove the culture media and resuspended in DMEM containing 15% FBS at a density of 10 6 cells/ mL. Hydrogels containing encapsulated MIN6 cells were immersed in the T-cell suspension under gentle shaking for 24 hours. The hydrogels were removed from the T-cell suspension and washed with fresh MIN6 cell culture medium followed by a cell viability assay. For comparison, unencapsulated MIN6 cells grown in monolayer on tissue culture plates (2 × 10 5 cell / cm 2 ) were incubated with Tcell suspension for 24 hours. The media containing T-cells in suspension were removed and fresh culture media were used to wash the MIN6 cells followed by the cell viability assay.
MIN6 cell death induced by cytokines
MIN6 cells were encapsulated in unmodified or peptide-functionalized hydrogel disks as described above and cultured for 48 hours. Cell culture media was changed to serum-free DMEM (containing 1% FBS), and cells were equilibrated at 37°C and 5% CO 2 for 30 minutes. Cytokine-containing media were prepared by mixing IL-1β (5 ng / ml), TNF-α (10 ng / ml) and INF-γ (25 ng / ml) in serum-free DMEM. The encapsulated cells were treated with these media at 37°C for 2 hours followed by cell viability assay.
Viability assays on free and encapsulated MIN6 cells
MIN6 cells cultured on tissue culture plates or encapsulated in hydrogel disks were incubated with a PBS solution containing calcein-AM (2 µM) and ethidium homodimer-1 (2 µM) for 30 minutes at 37 °C. The cells were rinsed with PBS and imaged on an inverted fluorescence microscope. Cell viability was determined as the ratio of the number of live cells divided by the total number of live and dead cells.
Glucose-stimulated insulin release by free and encapsulated cells
MIN6 cells were seeded at a density of 2 × 10 5 cells / well in a 24-well plate and were allowed to grow for 48 hours. Encapsulated cells were used for this assay 48 hours after encapsulation in hydrogel. Culture media were removed and cells were rinsed twice with KRB (Krebs-Ringer bicarbonate) buffer supplemented with 0.2 % BSA containing 129 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 2.5 mM CaCl 2 , 5 mM NaHCO 3 , and 10 mM HEPES/NaOH (pH 7.4). Glucose concentrations of 3.3 and 16.7 mmol / L were prepared in the conditioned KRB buffer and subsequently conditioned at 37 °C and 5 % CO 2 for 30 minutes. Cells were equilibrated at 3.3 mM glucose for 30 minutes and then incubated with fresh stimulation media with 3.3 mM glucose at 1mL/ well at 37 °C and 5 % CO 2 for 60 minutes. 500 µL of the media were removed from each well, placed in an ice-cold enppendorf tube, centrifuged at 2,500 rpm for 5 minutes and 200 µL of the supernatant was used to measure the concentration of insulin. The remaining media was removed from each well and discarded. To measure glucosestimulated insulin secretion, cells were incubated in 1 ml/well of medium containing 16.7 mM glucose at 37°C and 5% CO 2 for 60 minutes. The medium was then collected, and the concentration of insulin was determined as described above. A mouse (pro)Insulin ELISA kit from Mercodia (Uppsala, Sweden) was used to determine the amount insulin concentration in the collected media following the manufacturer's instructions.
Results and Discussion

Hydrogel formation and functionalization
In this work, in situ cross-linking of PEG-containing hydrogels was used to encapsulate mouse pancreatic islet-derived MIN6 cells. PEG is a well-studied polymer that has been widely used in drug development and tissue engineering [34] . 4-armed PEG cysteine (4A-PEG-Cys) and 4-armed PEG thioester (4A-PEG-ThE) molecules were utilized for cross-linking through native chemical ligation (NCL) to form hydrogels (Figure 1 ) [32] . One advantage of this method compared to other synthetic hydrogel formation techniques, is the high chemoselectivity of the NCL reaction, which is limited to reactions between the N-terminal cysteine and thioester groups on the PEG molecules due to the rarity of N-terminal cysteine residues in naturally occurring proteins and other biomolecules. In contrast, reactions employed in other covalent hydrogel cross-linking methods are often less selective and can occur between the macromers and biological components such as cell surface proteins and agents in the culture media [6] . Furthermore, the hydrogel formation by NCL occurs under mild alkaline conditions (pH 7-9) without the need for initiators or catalysts, resulting in minimal toxicity to the cells during encapsulation. In addition, the resulting hydrogel network presents thiol groups whose mild reductive properties can protect encapsulated cells from oxidative stress [35] [36] [37] .
Due to chemoselectivity of the NCL reaction, hydrogel formation by this method also allows straightforward modification of gels with bioactive peptides and other biomolecules for improving the function of encapsulated cells including cell growth, development and secretion of cellular products in response to a biological stimulus [6, 32, 38, 39] . Weber and Anseth have reported the attachment of cell adhesive peptides on photocrosslinked hydrogels affected MIN6 cell survival and insulin release [40] . The cross-linking by NCL allows multiple strategies to be employed for hydrogel functionalization. In the present work, the hydrogels were functionalized with peptides through the Michael-Addition reaction between 4A-PEG-Cys and maleimide-terminated peptides prior to hydrogel formation. This reaction is quantitative and fast, providing good control over the density of peptides attached to the hydrogel. This strategy works especially well when physiological effects of peptides on cells can be achieved at low immobilization densities. For example, the presence of the cell adhesion peptide GRGDSPG at 1% of the total cysteine groups used for hydrogel formation was sufficient to provide good cell viability in our studies (Figure 2) . If more peptides need to be presented (above 10% of total cysteine groups on 4A-PEG-Cys), the Michael-Addition approach may not be the best choice because it consumes a significant amount of cysteine groups that are used subsequently for hydrogel crosslinking, resulting in a slow gelation rate and gels with low stiffness. Alternatively, direct incorporation of peptides into the macromonomer design, for example through branched PEGs conjugated with N-terminal Cys containing peptides, may offer a better way to form a NCL-crosslinked hydrogel with bioactive peptides presented at high densities.
MIN6 cell encapsulation in peptide-modified hydrogels
Cell encapsulation in hydrogels formed through NCL can be carried out in regular cell culture media whereas cell encapsulation through other chemical approaches are usually performed in simplified salt buffers (for example, photocross-linking is carried out in Hank's buffer) due to the incompatibility of the cross-linking reaction with organic components in cell growth media [6, 29] . The chemoselective NCL cross-linking method is compatible with most organic nutrients in culture media including serum-and growth factor-containing media, allowing cells to stay in an optimal environment with minimal shock and stress during encapsulation.
In unmodified (peptide-free) hydrogels formed by NCL, MIN6 cells were 95% viable at 24 hours after encapsulation. However, cell viability dramatically decreased 96 hours postencapsulation and no viable cells could be found after one week (Figure 2 ). We believe this result is due to a lack of cell-extracellular matrix (ECM) interaction that is critical to cell function because unmodified PEG hydrogel surfaces resist ECM deposition [40] [41] [42] . To improve the viability of encapsulated cells, the ECM-mimic peptide sequence GRGDSPG was conjugated onto 4A-PEG-Cys using the Michael-Addition reaction and crosslinked into hydrogels by NCL. Cells trapped in hydrogel presenting this cell adhesion peptide at a low molar ratio of 1% to total cysteine groups on 4A-PEG-Cys exhibited significantly improved cell survival through 21 days (Figure 2 ). Co-presence of a second peptide (the IL-1 receptor inhibitor peptide IL-1RIP) did not reduce the effect of the RGD-presenting peptide on cell adhesion and survival.
Immunoprotection of β-cells from pro-inflammatory cytokines and T-lymphocytes
An important goal of islet encapsulation in hydrogels is to provide islet transplants with a protective barrier from the host immunorejection. A number of hydrogels have been tested for isolation of encapsulated islet cells from immunoreactive T-cells and high MW antibodies (MW ≥ 75 KD) [43] . Recently a few examples have demonstrated that, other than physical barriers, encapsulation materials can also provide immunosuppression by targeting specific immunoreactive components. Teramura and Iwata investigated the immobilization of urokinase and heparin on an ultrathin synthetic membrane around islets in order to reduce inflammation triggered by blood coagulating on the surface of islets post-transplantation in the portal vein [44] . Cheung and Anseth reported the conjugation of anti-Fas MAbs to the exterior surface of PEG-containing-hydrogels for cell encapsulation [45] . Such hydrogels could induce apoptosis of T-cells in the vicinity of the hydrogel and therefore have the potential to downregulate the immune response mediated by T-cells.
However, immunoprotection by these encapsulation methods may be incomplete because low MW inflammatory factors are still able to freely diffuse into the hydrogel and damage the encapsulated cells [12] . Entry of pro-inflammatory cytokines such as IL-1β, TNF-α and IFN-γ can not be blocked because these molecules have lower molecular weights than the MW cutoff value usually desired for encapsulation. These pro-inflammatory cytokines have been shown to be critical in causing early islet graft injury and lack of protection from them has significantly limited the success of islet encapsulation in clinical applications [46] [47] [48] [49] .
In this work, we developed an approach to provide insulin-secreting cells highly localized protection from the damage caused by cytokines infiltrating into the hydrogel capsules. A peptide inhibitor for cell surface IL-1 receptor (IL-1R) was attached covalently to the hydrogel scaffold in which cells were trapped, blocking the interaction between encapsulated cells and cytokines diffusing into the gel. This anti-inflammatory approach is highly localized to the encapsulated cells and thus avoids the harmful side-effects encountered during the use of conventional immunosuppressive drugs following transplantation [49] .
The IL-1R inhibitory peptide sequence FEWTPGWYQPY-NH 2 (IL-1RIP) was designed based on a previously reported inhibitory peptide for IL-1R [50] . Maleimide-terminated IL-1RIP was attached to hydrogels using Michael-Addition reaction as described previously, with the peptide density in the hydrogel varying from 1% to 5% of total thiol groups (calculated values). Cell-embedded hydrogels were treated with serum-free DMEM containing a combination of cytokines IL-1β, TNF-α and IFN-γ as used in previous studies [51] . Compared to unmodified hydrogel capsules, the IL-1RIP modified hydrogel was able to reduce the death of encapsulated MIN6 cells by up to 60% as shown in Figure 3 . The pro-survival effect could be achieved at an IL-1RIP density as low as 1% of total cysteine / thiol groups in the hydrogel. Interestingly, our data also indicated that co-presence of IL-1RIP and the adhesion peptide sequence GRGDSPG further enhances the anti-cytokine effects compared to hydrogels containing either of the two peptides alone.
The immunoisolating property of the hydrogel network formed through NCL was also tested by co-culture of encapsulated MIN6 cells with cytotoxic T-lymphocytes. Islet-specific CD4+ T-lymphocyte cells were collected from transgenic mice and activated using BDC peptide following previously reported procedures [33] . Co-culture of these activated CD4+ T-cells with free MIN6 cells resulted in cell death, whereas cells encapsulated in hydrogels showed dramatically increased survival under the same conditions (Figure 4 ). This demonstrated that the NCL-crosslinked hydrogel barrier could efficiently protect MIN6 cells from cell infiltration and fatal attack by immunoreactive T-lymphocytes.
Insulin-releasing property of encapsulated β-cells in peptide-modified hydrogels
The failure of islet grafts following transplantation has been attributed to not only β-cell death over time, but also the inability of surviving cells to secrete insulin in response to changes in blood glucose [28, 40, 52 ]. An ideal material for islet cell encapsulation should help encapsulated β-cells maintain glucose-stimulated insulin secretion.
We examined the effect of the NCL hydrogel network on glucose-stimulated insulin secretion from encapsulated MIN6 cells. As Figure 5 shows, MIN6 cells trapped in hydrogels maintained their ability to secrete insulin in response to increasing the ambient glucose concentration from 3.3 mM to 16.7 mM. Interestingly, even in the absence of cytokines the presence of IL-1RIP on hydrogels enhanced glucose-stimulated insulin secretion by cells encapsulated in this hydrogel compared to unmodified and GRGDSPG-modified gels. We also observed this sensitizing effect of soluble IL-RIP on insulin release from untrapped MIN6 cells (data not shown). This property of IL-1RIP has not been previously reported, suggesting that the underlying mechanism merits further investigation.
Conclusions
We have reported the use of peptide-functionalized hydrogels to improve cell survival and function following cell encapsulation and during early immunorejection of islet grafts. The hydrogel capsule used in this work was generated in situ by the native chemical ligation reaction between PEG-containing macromers. This cross-linking method was highly chemoselective and able to maintain the function of encapsulated cells. The NCL hydrogels modified with an anti-inflammatory peptide and an adhesion peptide substantially reduced cell death induced by pro-inflammatory cytokines while the hydrogel was also able to isolate encapsulated β-cells from the toxic effects of immunocytes. This hydrogel provides a new approach to address the incomplete protection from permeable immunoreactive factors which has been a long-standing obstacle with conventional islet encapsulation devices. Our work demonstrated that such peptide-functionalized hydrogels could maintain and even enhance glucose-stimulated insulin secretion by encapsulated cells. Encapsulating cells and tissue transplants within hydrogel biomaterials presenting anti-inflammatory constituents may prove to be a more general approach to improving cell and tissue graft function in transplantation, tissue engineering and regenerative medicine applications. Peptide-functionalized hydrogels formed by native chemical ligation. Prior to mixing 4-armed PEG-Cys (A) and 4-armed PEG-ThE (B) to form hydrogel, maleimide-terminated peptides are used to modify 1~5% cystine groups of PEG-Cys. The hydrogel resulting from NCL reaction between PEG-ThE and peptide modified PEG-Cys contains peptides covalently bound to the polymer network. Viability of MIN6 cells encapsulated in hydrogels crosslinked by native chemical ligation. Representative photos of MIN6 cells encapsulated in unmodified hydrogel (I) and hydrogels modified with GRGDSPG and IL-1RIP (II) (Cells were stained with calcein-AM and imaged at 24 hours after encapsulation and shown as green at 100× magnification). Cell viability was monitored during a 21-day period for (A) unmodified hydrogel, (B) 1% GRGDSPG modified hydrogel, and (C) hydrogel modified with 1% GRGDSPG and 1% IL-1RIP. Assays were performed in triplicate with a standard deviation ≤ 10%. Peptide-functionalized hydrogels protect MIN6 cells from cytokine-induced cell death. 24 hours after encapsulation, cells were treated with a combination of IL-1β (5 ng/ml), TNF-α (10 ng/ml) and INF-γ (25 ng/ml) in serum-free DMEM for 2 hours. A fluorescent cell viability assay (calcein-AM for live and ethidium homodimer-1 for dead cells) was used to determine the amount of cell death. Cells encapsulated in hydrogels modified with both GRGDSPG and IL-1RIP showed significantly increased viability compared to those in nonmodified and singlepeptide modified hydrogels. Assays were performed in triplicates with a standard deviation ≤ 10%. Immunoisolation of MIN6 cells from cytotoxic T-lymphocytes. Free MIN6 cells and cells encapsulated in hydrogels presenting 1% GRGDSPG and 1% IL-1RIP were co-cultured with β-cell specific CD4+ T-cells. Encapsulated MIN6 cells had significantly increased viability compared to cells exposed freely to T-cells. Assays were performed in triplicates with a standard deviation ≤ 5%. Glucose-stimulated insulin release from encapsulated MIN6 cells. Peptide-functionalized hydrogels did not affect the capability of cells to produce insulin in response to an increase in glucose concentration from 3.3 mM to 16.7 mM; in particular, the IL-1RIP peptide-modified hydrogel augmented the response of the encapsulated cells to the glucose stimulus. Assays were performed in triplicates with a standard deviation ≤ 8%.
